To prevent accidents occurring in daily life, such as the collision between objects in the environment and our body, the perception-assist technique, which can automatically change a dangerous motion to a safe motion, has been considerably studied. In addition, it has recently been found by the authors that a human's motion is different from his/her intended motion if vibration stimulation is presented on an antagonist muscle. In this study, a method to change human motion in a controlled manner using vibration stimulation is proposed for the perception-assist and applied for elbow-joint-extension motion change. In this study, it is elucidated that the amount of elbow-joint-extension motion change can be changed with respect to the frequency change of the vibration stimulation. Furthermore, it is elucidated that the change in the human elbow-joint-extension motion can be generated soon after the vibration stimulation is provided. Based on the characteristics of motion change with respect to vibration stimulation, the proposed method controls the change of the user's elbow-joint-extension motion by adjusting the frequency of the vibration stimulation to achieve the target motion, which is different from the user's intended motion. The effectiveness of the proposed method toward the change in the human elbow-joint-extension motion was experimentally evaluated.
I. INTRODUCTION
In recent years, many types of wearable power-assist robots have been developed to assist with a user's muscle power [1] - [10] . For instance, several power-assist robots have been designed for assisting the muscle power of elderly and/or physically handicapped people [7] - [10] . In such users, not only muscle power but also cognitive function such as sight and hearing can be weakened. As a decline in cognitive function deteriorates the recognition of the surrounding environment, such people may overlook obstacles during upperlimb reaching motions; this may cause them to collide with obstacles. To prevent such accidents, the basic concept of perception-assist using power-assist robots has been proposed [11] , [12] . Under perception-assist, if the robot detects an inappropriate user motion that may result in an accident, The associate editor coordinating the review of this manuscript and approving it for publication was Ailong Wu . the robot automatically changes the user's motion into a safe motion. On the other hand, it has been recently found by the authors that a human's actual motion is different from his/her intended motion if vibration stimulation is presented on an antagonist muscle [13] - [16] . For example, vibration stimulation on the biceps brachii during an elbow-joint-extension motion can induce a change in the motion [13] . If the amount of motion change can be controlled, human motion can be modified into a target motion. In this study, a method to change the user's intended motion to a certain motion defined by the system is proposed using the kinesthetic illusion and/or tonic vibration reflex induced by the vibration stimulation for perception-assist. It has been applied to alter elbowjoint-extension motion. In the proposed method, the human's motion can be different from the intended motion and can automatically change to a target motion by adjusting the frequency of vibration stimulation depending on the gap between the target and intended motions. When comparing VOLUME 8, 2020 This work is licensed under a Creative Commons Attribution 4.0 License. For more information, see http://creativecommons.org/licenses/by/4.0/ the existing perception-assist with a power-assist robot, main advantage of the proposed method is that the automatic human motion modification can be realized using a few vibrators and the user's own muscles. Hence, this method can be potentially useful for the elderly and/or the physically handicapped people whose motor abilities are not as weakened when compared with their cognitive functions. The motion change induced by vibration stimulation may result from the kinesthetic illusion and/or tonic vibration reflex. A kinesthetic illusion is induced by vibration stimulation on an antagonist muscle [17] - [21] . Under the kinesthetic illusion, a human feels as if his/her vibrated muscle is extended, and he/she experiences an illusory movement of the vibrated body parts. It is known that the kinesthetic illusion can be induced during voluntary movement [22] , [23] . In contrast, vibration stimulation can cause an unconscious movement of the vibrated body parts. This phenomenon is called the tonic vibration reflex [24] - [26] . As the kinesthetic illusion disturbs human motion and the tonic vibration reflex induces involuntary movement, these phenomena are thought to cause the vibration-induced change in human motion. Recently, either of the kinesthetic illusion and tonic vibration reflex has been studied from the standpoint of sensorimotor rehabilitation [27] - [33] . In these studies, the illusory movement induced by the kinesthetic illusion in the human's body under static conditions is used for rehabilitation [27] - [32] . Movement of the paralyzed body part induced by tonic vibration reflex is also considered in rehabilitation [33] . In addition, the kinesthetic illusion has been studied as a technique for a proprioceptive feedback for motion teaching [34] and control of a robotic arm [35] . In these studies, the kinesthetic illusion or tonic vibration reflex are induced in the human's body under static conditions. To the best of our knowledge, this is the first study that proposes a method to generate a human motion change and control the amount of the human motion change using vibration-induced phenomena such as kinesthetic illusion and/or tonic vibration reflex.
Vibration stimulation on the human body has also been used recently for haptic feedback to indicate the direction of human motion [36] - [38] , although the purpose and method of application are different from our proposed method. In these feedback systems, vibration stimulation indicates the desired direction of motion and/or proper joint angles directly on the user's body, and the user moves his/her vibrated body parts toward the indicated direction. In these systems, the user interprets the vibrotactile cues to generate proper motion. In contrast, in our proposed method, the user's motion is automatically modified by the effect of the kinesthetic illusion and/or tonic vibration reflex without interpretation of vibration stimulation.
The ultimate goal of this research is to realize upper-limb perception-assist by using motion change based on vibration stimulation. As a first step toward this goal, the proposed method is applied to elbow-joint-extension motion. In this study, it is elucidated that the amount of change of the elbow-joint-extension motion can be controlled with respect to frequency change of the vibration stimulation. Furthermore, it is also elucidated that this change can be generated soon after the vibration stimulation is given. Based on the characteristics of motion change with vibration stimulation, the change of the user's elbow-joint-extension motion is controlled by the proposed method.
II. CONCEPT OF THE PROPOSED CONTROL METHOD
A. CHANGE OF HUMAN MOTION WITH RESPECT TO FREQUENCY CHANGE Figure 1 shows the change in motion when a vibration stimulates the biceps brachii during an elbow-joint-extension motion. The term ''change of human motion'' refers to the difference between a user's intended motion and the generated motion of the vibrated body part. As shown in Fig. 1 , the elbow-joint-extension motion of the vibrated arm was decreased by the vibration stimulation on the biceps brachii. As mentioned in section I, this motion change is assumed to be generated by the kinesthetic illusion and/or tonic vibration reflex. It is already known that the strengths of these phenomena are enhanced by an increase in the frequency of the vibration stimulation on static biceps brachii [18] , [24] . Additionally, there is some evidence that the amount of motion change can be increased by increasing the frequency of the vibration stimulation [39] . These previous studies suggest that the frequency of vibration stimulation could influence the change in human motion. Therefore, in this study, the frequency of vibration stimulation was used for controlling the change in human motion as shown in Fig. 2 . In the proposed method, the stimulation frequency is determined by
where Freq. is the frequency of vibration stimulation, K is the gain, θ d is the desired angle of the vibrated arm's elbow joint, θ g is the actual elbow joint angle of the vibrated arm. The frequency of vibration stimulation (i.e., the intensity of the vibration stimulation on motion change) increases when the gap between the desired and generated motions increases. In the proposed method, it is assumed that the response of frequency change to the difference in both elbow joint angles would be adjusted by changing the value of gain K in a manner similar to that of proportional (P) control. The value of gain K can be determined in accordance with the rate of human motion change. The rate of human motion change indicates the amount of human motion change that can be generated in 1 s. In this study, the rates of human motion change of all experimental participants were obtained in the preliminary experiments. It is considered that the elbow joint motion of all experimental participants can be controlled when the value of gain K is determined based on the lowest value of the motion change rate at maximum frequenycy out of those of all the experimental participants. Hence, the same value of gain K was applied to all experimental participants.
B. PRELIMINARY EXPERIMENTS 1) EXPERIMENTAL AIM
To demonstrate the validity of the proposed method, some preliminary experiments were carried out. To change human motion in a perception-assist system, the change must be generated immediately after the stimulation is applied. Hence, the responsiveness of this approach must first be investigated. In the first preliminary experiment, to investigate whether the change in the elbow-joint-extension motion occurs immediately after application of vibration stimulation, the vibration stimulation was applied to the biceps brachii during a continuous elbow-joint-flexion/extension motion.
As the amount of change is controlled by the frequency, the purpose of the second preliminary experiment is to investigate whether a change in stimulation frequency increases or decreases the amount of motion change.
2) EXPERIMENTAL SETUP
For the preliminary experiments, it is necessary to quantify the amount of change of the elbow joint motion, i.e., the difference between the intended and generated motions of the elbow joints of the participants. To do this, the experimental method used in our previous studies was employed [13] , [14] , [39] . In this method, both of the participant's arms were used. Vibration stimulation was applied to the biceps brachii of the participant's right arm but not to that of the left arm. In the experiment, the participant tried to make the vibrated right arm perform the same elbow joint motion done by the nonvibrating left arm. As the left arm's elbow extension motion is the participant's intended motion, the difference between the right and left elbow-joint-extension motions shows the change from the intended motion. In this study, the right arm is called the ''vibrated arm'' and the left arm is called the ''reference arm.'' In order to confirm the effect of vibration stimulation clearly, some experiments have been performed at slow angular velocity, i.e., 3 • s −1 , in our previous studies [13] , [14] , [39] . The experiments conducted in this study were also carried out at 3 • s −1 in order to clearly confirm the effect of vibration and the effectiveness of the proposed method. In order to remove the effect caused by the sound feedback of the vibrator's frequency and that generated by ON/OFF switching, the auditory sense of the participants was masked using headphones supplying white noise during the experiment. In addition, in order to prevent the participants from adjusting their arm motion using visual feedback, the sight of the participants was also blocked using an eye mask during the experiment. The participant only moved according to his/her sense of motion.
An overview of the experimental device is shown in Fig. 3 (a) . Both elbow joints of the participant were placed on the flat surface of the experimental device, and goniometers were attached. The elbow joint angles were measured using the potentiometers (ALPS, RDC501051A) of these goniometers. The signals from these potentiometers were sent to a microcontroller (Arduino UNO). The AD converter of the Arduino converted the analog signals from the potentiometers into digital signals, which were then sent to a laptop to record the measured data. A flow diagram of the experimental setup is shown in Fig. 4 . Figure 5 shows the vibrator, which generates a vibration stimulation through a piston-crank mechanism. A DC motor (Mabuchi motor, RS380-PH) was used in this vibrator. As shown in Fig. 5(b) , the rotation shaft, which is attached to the DC motor, has 1-mm eccentricity. This eccentricity performs the role of crank and defines the amplitude of the vibration stimulation (1 mm). The frequency of the vibration can be changed in the range of 30-90 Hz. Studies have already reported that both the kinesthetic illusion and tonic vibration reflex can be induced in this range [18] , [24] . The vibrating position was determined by searching for the position of the tendon using palpation. As part of this process of palpation, the experimenter grabbed the wrist of the experimental participant, and the participant generated a force in the elbow joint flexion direction. At this time, the experimenter applied force to the participant's wrist so that the participant's elbow joint did not move. By subjecting the participant to this palapation, location of the tendon of the biceps brachii is clearly confirmed. A vibrator was placed over this tendon.
An encoder (Copal electronics, RE12D-300-201) was attached to the rotation shaft of the DC motor. The resolution of the encoder was 300 pulses per rotation, and the digital signals from this encoder were conveyed to the microcontroller. The sampling period of the microcontroller was 0.05 s, and the microcontroller counted the number of digital signals from the encoder over this sampling period. The signal from this encoder was fed back to the microcontroller, and the rotation speed of the DC motor (i.e., the frequency of vibration stimulation) was changed using a proportional-derivative (PD) control. The contact force between the head of this vibrator and the tendon of biceps brachii was held constant by a constant force spring (Type-C 4520, Samini Company).
3) PARTICIPANTS
All preliminary and motion change control experiments were performed with seven healthy participants, five males and two females, aged between 23 and 26 years. This was their first participation in a motion change control experiment. The data pertaining to age, weight, height, and hand dominance of each participant are shown in Table 1 . To ensure same experimental conditions, all experiments were carried out with right handed participants. 
C. PRELIMINARY EXPERIMENT 1 1) PROCEDURE
In this preliminary experiment, the responsiveness of motion change to vibration stimulation was investigated. Vibration stimulation was applied to biceps brachii in the middle of a continuous elbow-joint-flexion/extension motion. To confirm the effect of vibration stimulation clearly, a vibration stimulation with maximum frequency of 90 Hz was imparted to the right arm (vibrated arm). The elbow joint angle was defined as shown in Fig. 3 (b) . The participants performed continuous motions of elbow joint flexion/extension between 45 • and 20 • while wearing a blindfold and headphones playing white noise. The angular velocity of the left arm (reference arm) was determined to be approximately 3 • s −1 during the elbow joint flexion/extension motion. Some practice trials were carried out so that the participants could perform the elbow-jointextension motion in the range of 45 • to 20 • at 3 • s −1 without looking at their arms. In the practice of the experimental participants, the experimenter grasped the wrist of the participant's left arm (reference arm) and moved the participant's elbow joint at 3 • s −1 . During this practice, the participant made the same elbow joint flexion/extension motion in his right arm (vibrated arm) as that in his left arm (reference arm). After this practice, the participant performed the practiced elbow joint motion in both arms without guidance and without looking at his arms. The practice was continued until the participant was able to make elbow joint flexion/extension motion of approximately 3 • s −1 in both arms. As the result of the practice, the participants could recognize their elbow joint angles and angular velocities without looking at their arms. The experimental procedure is as follows. 1. Both elbow joint angles are set to 0 • and the recording of the elbow joint angles is started. 2. Both elbow joint angles are set to 45 • . 3. The participant initiates elbow-joint-extension motions in both arms without vibration stimulation. The participant performs a continuous flexion/extension motion between 45 • and 20 • two times without vibration stimulation. 4. When the third elbow-joint-extension motion is started, vibration stimulation is applied to the biceps brachii of the right arm (vibrated arm). The participant performs elbowjoint-flexion/extension motion two times with vibration stimulation. 5. For the fifth elbow-joint-extension motion, vibration stimulation is stopped. The participant performs the elbowjoint-flexion/extension motion two times without vibration stimulation. 6. When the sixth elbow-joint-flexion/extension motion is finished, the recording is stopped.
To prevent the participants from intentionally preparing for vibration stimulation, they were not informed of its order and timing in the experiment. This preliminary experiment was performed once with each participant
2) RESULTS
During the preliminary experiment 1, the average angular velocity of the left arm (reference arm) of all experimental participants and the standard deviations between participants were 3.60 • s −1 (S.D. 0.40). The result of the preliminary experiment 1 with participant 1 is shown in Fig. 6 . The solid and dotted lines indicate the elbow joint motions of the right (vibrated) and left (reference) arms, respectively (the dotted line is the participant's intended motion). There is small difference between the left (reference) arm and right (vibrated) arm before vibration starts as shown in Fig. 6 . The time to affect a change in human motion is determined as the period beginning when the vibration is applied and ending when the increase in the absolute deviation of the elbow-joint angle at the start of vibration exceeds the average absolute deviation of the elbow-joint angle determined during the non-vibration period in this study. The absolute deviation of elbow joint angle was derived by the equation as follows:
Absolute deviation of elbow joint angle = |left arm angle−right arm angle| (2) where left arm angle is the measured elbow joint angle of the left reference arm and right arm angle is measured elbow joint angle of the right arm. The average absolute deviation of the elbow-joint angles in the non-vibration period are shown in Table 2 . Figure 7 shows the time taken to affect a change in human motion for participant 1. The blue line in Fig. 7 indicates the absolute deviation of the elbow-joint angle derived by Eq. (2). The black dotted line indicates the absolute deviation at the start of the vibration. After the vibration stimulation was given, the absolute deviation consistently increased from the absolute deviation at the start of vibration and then exceeded the average of the absolute deviation of the elbow-joint angle in the non-vibration period after 1.85 s. The times required to generate the human motion change are shown in Table 3 . For all participants, the absolute deviation consistently increased from the absolute deviation at the start of vibration and then exceeded the average absolute deviation of the elbow-joint angle during the non-vibration period 0.95-2.15 s after the start of vibration. In our previous study, it is suggested that the effect of vibration stimulation on human motion change decreases with respect to decrease of frequency from 90 to 30 Hz [39] . The results of that study show that there is a possibility that the time taken to affect a human motion change will be longer when the frequency is below 90 Hz. After the vibration stimulation is stopped, the range of motion was slightly changed in the 5th elbow joint extension motion. This phenomenon was observed in five out of seven participants. However, this change of the motion range was not observed in the 6th elbow joint extension motion in all participants. These results suggest that the after effect of vibration stimulation disappears in a short period.
From the results of preliminary experiment 1, it can be concluded that change of human motion has high responsiveness to vibration stimulation.
D. PRELIMINARY EXPERIMENT 2 1) PROCEDURE
The aim of the preliminary experiment 2 is to investigate the effect of different frequencies on the change in motion. In this experiment, vibration stimulation was applied to the right arm (vibrated arm) at three frequencies of 30, 60, and 90 Hz during a single elbow-joint-extension motion. This motion was performed from 45 • under the same conditions as stated earlier. The experimental participants moved their elbow joints according to his/her sense of movement and position.
The participants were instructed to continue their elbowjoint-extension motion until the elbow joint angle decreased more than 20 • . The angular velocity of the left arm (reference arm) was also determined to be approximately 3 • s −1 during the elbow-joint-extension motion. In order to make sure whether both arms could make the same elbow-jointextension motion, the deviation of elbow joint angle during elbow-joint-extension motion without vibration stimulation was also evaluated.This experiment (called as ''non-vibration trial'') was performed with each participant.
Again, some practice trials which were the same as the practice in preliminary experiment 1 were carried out so that all the participants could perform the elbow-joint-extension motion as required. The procedure of this experiment is as follows. 1. Both elbow joint angles are set to 0 • and the recording of the elbow joint angles is started. To prevent the participants from intentionally preparing for vibration stimulation, they were not informed of its order and the timing in the experiment. This procedure was repeated two times with each condition (non-vibration, 30, 60 and 90 Hz).
2) RESULTS
During the preliminary experiment 2, the average angular velocity of the left arm (reference arm) of all experimental participants and the standard deviations between participants were 3.15 • s −1 (S.D. 0.69). Figure 8 shows the results of participant 1 for each frequency. Similar to the preliminary experiment 1, the solid and dotted lines indicate the elbow joint motion of the right (vibrated) and left (reference) arms, respectively. In the non-vibrated trial, both elbow joint motions were almost the same. The deviation values from the beginning to the end of the elbow motion were derived by Eq. (3):
Deviation of elbow joint angle
= left arm angle − right arm angle (3) where left arm angle and right arm angle are the measured elbow joint angles of the left reference arm and the right arm, respectively. The average values of deviation in each non-vibrated trial of all experimental participants are shown in Table 4 . Although there were small differences of elbow joint motion, the both elbow joint motions were almost same in all experimental participants.
When the frequency of vibration is 30, 60 and 90 Hz, the elbow joint motion was changed after vibration was applied on the right arm (vibrated arm). To compare the effect of frequency on the motion change, the rate of motion change in 1 s was derived and compared. In this experiment, the duration of each elbow-joint-extension motion was 5 s at least. Therefore, the rate of motion change was derived in this 
where Motion change t=5 is the amount of motion change 5 s after the start of the elbow-joint-extension motion, Motion change t=0 is the amount of motion change at the biginning of the elbow-joint-extension motion, and 5 s is the duration of the elbow-joint-extension motion. The average change rate values of two trials with each frequency are shown in Fig. 9 . Furthermore, the average values and standard deviation with each frequency of all experimental participants are shown in Table 5 . In all experimental participants, the rate of motion change increases with respect to the increase of frequency from 30 Hz up to 90 Hz. This trend agrees with the results of previous studies about the kinesthetic illusion and the tonic vibration reflex under static condition of human body [18] , [24] . For example, the perceived angular velocity of the kinesthetic illusion in elbow joint increases with respect to the increase of frequency from 10 Hz up to 70 Hz [18] . The intensity of the tonic vibration reflex also increases with respect to increase of frequency from 20 Hz up to 200 Hz [24] . The results of preliminary experiment 2 suggest the following. 1) The change rate was increased by increasing the frequency in the range of 30-90 Hz for all participants. These results suggest that a frequency between 30 and 90 Hz can increase or decrease the amount of motion change. 2) There are individual variations in the effect of frequency change, suggesting that the parameter of the proposed method in (1) must be set considering individual variation.
III. MOTION-CHANGE-CONTROL EXPERIMENTS AND RESULTS
To confirm the effectiveness of the proposed method, its control of motion change was evaluated. The elbow-jointextension motion was controlled to follow several motions in the experiments. 
A. EXPERIMENTAL SETUP
The experimental devices and participants were the same as those in the preliminary experiments. The target motion trajectories and some parameters in (1) were determined before the start of the experiment.
In the perception-assist with a power-assist robot [11] , [12] , the target motion trajectory is automatically estimated by monitoring the interaction of the user with the environment. In the perception-assist with vibration stimulation, a similar method can be applied for estimating the target trajectory. In this study, the experiment was carried out assuming the estimated target elbow joint motion was two types of linear trajectories and a nonlinear trajectory shown in Fig. 10 . The participants tried to perform an elbow-joint-extension motion at 3 • s −1 in every experiment. The linear target motion trajectories were set to 1 and 2 • s −1 and labelled linear target 1 and 2, respectively. As the angular velocity of the intended motion of the experimental participant was 3 • s −1 , the largest motion change was required when the slope of the target trajectory was 1 • s −1 . The slope of the nonlinear target trajectory ranged between 1 and 2 • s −1 . These target trajectories were generated immediately after the start of the elbow joint motion of the left arm (reference arm) of the participants.
Preliminary experiment 2 demonstrated that the amount of motion change can be increased by increasing the stimulation frequency from 30 to 90 Hz. The same range of frequency change was used in the motion-change-control experiment. The frequency of vibration stimulation was determined by the following rules. If the generated elbow joint angle exceeded the target elbow joint angle, the vibration stimulation was turned off.
The value of the gain K was manually determined based on the rate of motion change. It is considered that elbow joint motion of all participants could be controlled to the target trajectory if the value of gain K was determined so that the elbow joint movement of the participant with the lowest change rate could be controlled to the target trajectory with the largest difference in angular velocity from the motion intention. The lowest change rate at the maximum frequency was 2.20 • s −1 of the participant 2. On the other hand, when the target trajectory was trajectory 1 (angular velocity: 1 • s −1 ), the difference of angular velocity between the target motion and the intended motion (angular velocity: 3 • s −1 ) was the largest (2 • s −1 ). In this study, the time for eliminating the error between the target trajectory 1 and the elbow motion of the participant 2 was determined to 1 s. To eliminate the error in 1s, it is necessary to present a vibration stimulation at 90 Hz if the difference between the target elbow joint angle and the generated elbow joint angle was approximately 2 • . Hence, the value of gain K was determined to 50.
B. EXPERIMENTAL PROCEDURE
In the experiment, the participants tried to perform the same motions using both the right (vibrated) and left (reference) arms. Similar to the previous experiment, the participants performed a single elbow-joint-extension motion at approximately 3 • s −1 from 45 • while wearing a blindfold and headphones with white noise. Therefore, the participants moved their elbow joints according to their sense of movement and position. The experimental participants were instructed to continue their elbow-joint-extension motion until the elbow joint angle decreased more than 20 • . Some practices which were the same as the practice in the preliminary experiments were carried out so that all the participants could perform the elbow-joint-extension motion without viewing their arms.
The experimental procedure is as follows. 1. Both elbow joint angles are set to 0 • and recording of the elbow joint angles is started. 2. Both elbow joint angles are set to 45 • . 3. The experimental participant starts elbow joint extension motion in both arms. At this time, motion change control with vibration stimulation is started. 4. The experimental participants continues elbow joint extension motion until their elbow joint angle is lower than 20 • . When they stop their elbow joint extension motion, vibration stimulation and recording is stopped. 5. This procedure is repeated 3 times for each target trajectory.
The participants did not know which target trajectory would be presented in this experiment.
C. EXPERIMENTAL RESULTS
During the motion-change-control experiment, the average angular velocity of the left arm (reference arm) of all experimental participants and the standard deviations between participants were 3.38 • s −1 (S.D. 0.74). The representative experimental results for three participants are shown in Figs. 11-13 . The results in Fig. 11, Fig. 12 and Fig. 13 are for participant 4, participant 5, and participant 2, respectively. As the change rate value at maximum frequency of 90 Hz was highest (for participant 4), middle (for participant 5) and lowest (for participant 2) in preliminary experiment 2, their results of the motion-change-control experiment were chosen as the representative results. In these figures, the dotted line shows the elbow-joint-extension motion of the left arm (reference arm), which indicates the intended elbow-jointextension motion of a participant, and the bold line shows the elbow-joint-extension motion of the right arm (vibrated arm). The figures also show the trajectory of the target elbow-jointextension motion and the generated frequency based on (1). These figures show that the change in the right arm's motion was successfully controlled toward the target motions.
On the other hand, there was a small control error between the target joint angle and the elbow joint angle of the right arm (vibrated arm) shown in Fig. 14. To quantitatively investigate the effectiveness of the proposed method, the mean absolute deviation between the elbow joint angle of the right arm (vibrated arm) and target elbow joint angle was calculated by Eq. (5) as follows:
Absolute deviation = |target elbow angle − right arm angle| (5) where target elbow angle is the target elbow joint angle, right arm angle is the measured elbow joint angle of the right arm (vibrated arm). As this experiment was continued for 8 s for all participants, the mean absolute deviation was derived using the absolute deviation values in this period. As mentioned earlier, the experiment was performed three times for each target trajectory. Table 6 shows the average of the mean absolute deviation and standard deviation among the three trials for each target trajectory. As shown in Table 6 , the average of the mean values of the deviation among the three trials was 0.49 • -2.57 • for all the participants and target trajectories.
In order to investigate the accuracy of the results of motionchange-control experiment, the absolute deviation between the participant's left arm (reference arm) and the right arm during elbow-joint-extension motion without vibration stimulation was compared to the absolute deviation of motion-change-control experiment.
All experimental participants performed single elbowjoint-extension motion without vibration stimulation also. The experimental condition was the same as that of the nonvibration trial in the preliminary experiment 2. The experiment was performed three times with each experimental participant. The result of participant 1 is shown in Fig. 15 . The red line indicates the elbow joint angle of the right arm and the dotted line indicates the elbow joint angle of the left arm (reference arm). The absolute deviation between the left reference arm and the right arm without vibration was derived by Eq. (2). Since all participants continued elbowjoint-extension motion at least 8 s in all trials, the mean value of the error was derived based on the measured elbow joint angle in this period in each trial. Following the steps shown in Fig. 15 , the average of the mean absolute deviation were derived. The average of mean absolute deviation were in Table 7 .
For all participants, the amount of the absolute deviation in the motion-change-control experiment is smaller than the average of mean absolute deviation during non-vibration elbow-extension motion. Hence, it can be said that this value is sufficiently small and the elbow joint motion was successfully controlled. 
IV. CONCLUSION
This study proposed a method to control the amount of motion change in a human by using vibration stimulation. To show the validity of the proposed method, some preliminary experiments were performed; these confirmed that the change of human motion can be generated immediately after vibration stimulation is presented during a continuous elbow flexion/extension motion. Furthermore, it was confirmed that change of human motion increases with respect to an increase in the frequency of vibration stimulation. Finally, experiments were also performed to prove the effectiveness of the proposed motion-change-control method. In this study, the proposed method was applied to slow and constant elbow-joint-extension motions under no loaded condition. The experimental results suggest that the proposed method could successfully change human elbow joint motion from the intended motion of the participants to the target elbow joint motion.
In this study, the value of gain K was determined based on the rate of human motion change during slow and constant elbow-joint-extension motions under no loaded condition. However, the increase of load on vibrated muscle changes the value of the rate of motion change [40] . In our future work, the method for adopting the value of the value of gain K considering with some biomechanical factors such as the load condition of vibrated muscle, angular velocity of human motion and so on will be investigated.
In addition, there is a possibility that the after-effect of vibration remained in some of the results from the preliminary experiment 1. The effect of the after-effect of vibration to the human motion will be investigated in our future work.
In the perception-assist with vibration stimulation, the target safe motion can be estimated using the algorithms proposed in our previous studies [11] , [12] combination with machine learning techniques [41] - [44] although further study must be carried out. Using the proposed human-motionchange control method in the perception-assist, the humanmotion-change will be carried out when the user makes inappropriate motion.
